Background: Plant sterols are bioactive compounds, found in all vegetable foods, which inhibit cholesterol absorption. Little is known about the effect of habitual natural dietary intake of plant sterols. Objective: We investigated the relation between plant sterol density (in mg/MJ) and serum concentrations of cholesterol in men and women in northern Sweden. Design: The analysis included 37 150 men and 40 502 women aged 29 -61 y, all participants in the Västerbotten Intervention Program. Results: Higher plant sterol density was associated with lower serum total cholesterol in both sexes and with lower LDL cholesterol in women. After adjustment for age, body mass index (in kg/m 2 ), and (in women) menopausal status, men with high plant sterol density (quintile 5) had 0.15 mmol/L (2.6%) lower total serum cholesterol (P for trend ҃ 0.001) and 0.13 mmol/L (3.1%) lower LDL cholesterol (P ҃ 0.062) than did men with low plant sterol density (quintile 1). The corresponding figures for women were 0.20 mmol/L (3.5%) lower total serum cholesterol (P for trend 0.001) and 0.13 mmol/L (3.2%) lower LDL cholesterol (P for trend ҃ 0.001).
INTRODUCTION
Cardiovascular disease (CVD) caused one-third of all deaths worldwide in 2003 (1) . In Sweden, although the incidence of myocardial infarction (MI) has decreased by 1-2% per year during the past decade, MI still affects Ȃ40 000 persons per year. Mortality from MI has also decreased during the same time period, but it is still the main cause of death in Sweden (2) .
The traditional risk factors for CVD include cigarette smoking, hypertension, and dyslipidemia. Serum cholesterol is affected by dietary intake, and dietary interventions may reduce the incidence of coronary heart disease by 12%, of which 5% is because of lowered cholesterol (3) . A 10% reduction of serum cholesterol was estimated to lower the risk of ischemic heart disease by 50% at age 40 y and by 20% at age 70 y (4).
Intakes of dietary fiber, total fat, and saturated fat are accepted as dietary components that affect concentrations of serum cholesterol (3) . Other dietary components such as soy protein and plant sterols were also suggested to affect concentrations of serum cholesterol (5, 6) .
Plant sterols are bioactive compounds found in all vegetable foods at various concentrations. They inhibit the uptake of cholesterol, both dietary and endogenous, by incorporation into mixed micelles in the small bowel; this is the main reason for their hypocholesterolemic effects (7) . Since the 1950s, plant sterols have been known to lower concentrations of serum cholesterol when given in pharmacologic doses. Margarine enriched with plant sterols was shown in 1995 to reduce serum cholesterol (8) . Commercial products enriched with plant sterols, with a recommended daily dose of 2 g of plant sterols, were shown to reduce LDL-cholesterol concentrations by 10% (9) . Much less is known about the effect of a habitual natural intake of plant sterols, but results from 2 clinical trials show that an intake of 300 mg plant sterols reduces cholesterol absorption by 11% in a 3-d trial (10) and by 28% in a test meal trial in which dietary fat content was kept constant and only the content of dietary plant sterols varied (11) . In a recent large-scale epidemiologic study of a British population [European Prospective Investigation into Cancer and Nutrition (EPIC)-Norfolk] in collaboration with the Medical Research Council Dunn Clinical Nutrition Centre, Cambridge, and the Institute of Public Health, University of Cambridge, we showed that a high intake of naturally occurring dietary plant sterols was inversely related to serum total and LDLcholesterol concentrations (12) . The aim of the present study was to investigate the relation between plant sterol density and serum concentrations of cholesterol in men and women in a Swedish population.
SUBJECTS AND METHODS

Study population
The Västerbotten Intervention Program, which began in 1985, invites all inhabitants in Västerbotten county in northern Sweden (population Ȃ260 000) to a health checkup at their primary health care center in the year they turn 40, 50, or 60 y of age (until 1995, those turning 30 y were also included) (13, 14) . During the health checkup, participants answer an extensive diet and lifestyle questionnaire and are asked to donate blood for future research purposes. The program is ongoing. On average, Ȃ60% of the invited population has participated each year. No systematic differences were found between those who participated and those who declined (13) . The questionnaire was not optically machine-readable until 1992, and so this study only includes data from 1992 to 2005. During those years, 83 013 health checkups (39 885 of men and 43 128 of women) took place. Of those 83 013 visits, the 71 367 first-time visits and 11 640 second-time visits were included in the present study, whereas 6 third-time visits were excluded. First-time visits and second-time visits were treated as separate observations. Further exclusions were made because of wrong age (29 y or 61 y; n ҃ 95), incomplete dietary data (n ҃ 3771), and missing or unrealistic total cholesterol (2.5 mmol/L and 20.0 mmol/L n ҃ 708). The Regional Ethical Review Board in Göteborg, Sweden, approved the study (registration number 622-05).
Exclusion of extreme outliers
Basal metabolic rate was estimated from sex, age, and weight according to Schofield (15) . The food intake amount was calculated from energy intake divided by basal metabolic rate. All subjects were divided into 1 of 4 groups according to sex and whether they had completed a 64-item or 84-item foodfrequency questionnaire (FFQ). In each of the 4 groups, participants with the highest and lowest 0.5% of food intake amount were excluded, in accordance with the method used in the EPICNorfolk study (16) . This resulted in exclusion of 781 subjects. In total, 77 652 visits (37 150 by men and 40 502 by women) were included in the analyses.
Blood samples and laboratory procedures
Total cholesterol and serum triacylglycerols were measured on fresh capillary plasma with the use of a bench top analyzer (Reflotron; Boehringer Mannheim GmbH Diagnostica, Mannheim, Germany). The tests were taken after a minimum of 4 h of fasting. HDL cholesterol was measured on a subsample with high total cholesterol according to the study protocol. HDL cholesterol was measured after precipitation of the other lipoproteins with sodium phosphowolframate-magnesium chloride. LDL cholesterol was calculated according to Friedewald et al (17) .
Anthropometric measurements
Height was measured without shoes to the nearest centimeter. Weight was measured in light clothing without shoes to the nearest kilogram. Body mass index (BMI; in kg/m 2 ) was calculated.
Lifestyle variables and medication
Participants were classified as smokers if they were smoking at least 1 cigarette/d. Estimation of high physical activity was made from a combination of physical activity at work, physical activity in spare time, and mode of travel to work. Participants were classified as users of cholesterol-lowering medication if they had used cholesterol-lowering medication in the past 14 days. Women were classed as menopausal if 51.8 y of age according to the median age of menopause in Sweden.
Plant sterol analysis
Analyses of the food items were performed at the Department of Clinical Nutrition, Göteborg University, Sweden, with the use of a gas-liquid chromatography procedure modified after Jonker et al (18) and validated with gas chromatography-mass spectrometry (19) . In short, the method comprised acid hydrolysis (6 mol/L HCl), alkaline saponification (96% ethanolic potassium hydroxide), lipid extraction with toluene, and a final washing in deionized water to neutral pH. Internal standard, containing 5␣-cholestane, was added to all samples before saponification to quantify the sterols. Samples were dehydrated with sodium sulphate, filtered, and evaporated under vacuum at 50°C. The residue was dissolved in chloroform and stored at Ҁ20°C. Silylation of sterols to trimethylsilyl ether derivatives was performed before analysis by gas-liquid chromatography. The limit of detection was set to 0.01 mg/100 g fresh material of the tested product. The concentrations of the 5 most frequently occurring plant sterols were measured: the unsaturated plant sterols campesterol (24␣-methyl-5-cholesten-3␤-ol), stigmasterol (5,22-cholestadien-24␣-ethyl-3␤-ol), and ␤-sitosterol (24␣-ethylcholest-5-en-3␤-ol), and the saturated plant stanols campestanol (24␣-methyl-5␣-cholestan-3␤-ol) and ␤-sitostanol (24␣-ethyl-5␣-cholestan-3␤-ol). The sum of these 5 plant sterols is described hereafter as "total plant sterols." All foods were analyzed in duplicate. All fruit and vegetables were bought in 1996, cereals in 1997, and fatty foods in 1997 and 2001 in 2 shops in the Gothenburg area. Fruit and vegetables were analyzed as a mix of 2 different samples, and cereals and fatty foods were analyzed as a mix of 2-7 samples. Seasonal variation in fruit and vegetables was not taken into account.
was concluded to have a validity similar to other FFQs used in prospective cohort studies (23) . The design of the FFQ with 84 questions was described previously, as well as criteria for exclusions (23) . In the 64-question FFQ, some questions were merged to cover the same foods as the 84-question FFQ but with fewer questions.
Assignment of plant sterol values for each question in the FFQ
Each FFQ question could represent a single food item, an aggregate of items (eg, tomato and cucumber), or a food group (eg, berries). In the cases of aggregates and groups, data from a single 24-h recall from 3000 persons in the calibration study (24) or from 10 repeated 24-h recalls from 195 persons from the validation study (23) were used to estimate intake distribution in the population for each of the foods in the aggregate or group. The plant sterol content was estimated by multiplying the reported intake frequency by age-and sex-defined portion sizes or standard sizes, such as for an apple, with additional weighting for intake distribution for questions representing food aggregates or food groups.
84-Question FFQ
Aggregates of foods were calculated for 31 questions, in 28 cases from the calibration data and in 3 from the validation data. Foods from 28 questions were assumed to have zero plant sterol content, mostly because of pure animal origin. The plant sterol content of foods from a further 40 questions was based on direct analysis of the food or the foods representing the question. Calculations of standard recipes with analyzed ingredients were used for 13 questions, the proportion of an analyzed food item was used for 1 question, and a combination of direct analysis and recipe calculations was used for 2 questions.
64-Question FFQ
Aggregates of foods were calculated for 25 questions, in 22 cases from the calibration data, and in 3 from the validation data. Foods from 20 questions were assumed to have zero plant sterol content because of pure animal origin. The plant sterol content of foods from a further 33 questions was based on direct analysis of the food or the foods representing the questions. Calculations of standard recipes with analyzed ingredients were used for 7 questions, and a combination of direct analysis and recipe calculations or proportions was used for 4 questions.
Statistical analysis
Statistical calculations were performed with the use of SPSS 14.0 for WINDOWS (SPSS Inc, Chicago, IL). Data from men and women were analyzed separately. Division into quintiles of plant sterol density was done by ranking according to total plant sterol density defined as milligram plant sterols per megajoule. Multivariate linear regression with plant sterol quintile as main predictor was used for the analyses. Linear trends were evaluated by fitting quintile group membership (1-5) as a variable in a linear regression. The following variables were evaluated for potential confounding effects: age, BMI, menopausal status, saturated fat intake (in percent of energy), unsaturated fat intake (in percent of energy), dietary fiber intake (in g/MJ), alcohol intake (in percent of energy), high physical activity, smoking, and use of cholesterol-lowering medication. Unsaturated fat intake was not available from the dietary data but was calculated from the difference of total fat intake and saturated fat intake. Because intakes of saturated fat, unsaturated fat, and fiber were strongly correlated with each other (correlations between Ҁ0.41 and 0.59), these 3 covariates were combined into a new categorical variable. First, each variable was recoded into high and low. For this the cutoff for saturated fat was set to 10% of energy, unsaturated fat to 15% of energy, and fiber intake to 3 g/MJ according to the Nordic Nutrition Recommendations 2004 (25) . Hence, the new variable took 8 values. The correlation between saturated fat and cholesterol was 0.68 for both men and women; hence, it was decided not to include the latter as a covariate in addition to the former because these 2 nutrients basically capture the same foods.
Because energy and nutrient intakes were not normally distributed, the results are presented both as means (ȀSD) and medians (25th and 75th percentiles). Differences among categorical variables were evaluated with the chi-square test.
RESULTS
Men had a mean plant sterol intake of 252 Ȁ 95 mg/d, which was significantly higher than the intake of women, 212 Ȁ 74 mg/d (P 0.001). The intake of plant sterols in relation to energy intake (plant sterol density, in mg/MJ) differed between men (28.8 Ȁ 6.6 mg/MJ) and women (31.6 Ȁ 6.9 mg/MJ; P 0.001).
A significant interaction was observed between sex and quintile of plant sterol density in their effect on total cholesterol (P ҃ 0.042); hence, all results are presented separately for men and women. For both men ( Table 1 ) and women ( Table 2) , a higher plant sterol density (in mg/MJ) was associated with higher intake of plant sterols (in mg/d), unsaturated fatty acids (in g/d and percent of energy), and fiber (in g/d and g/MJ) and with lower values for energy intake, intake of saturated fatty acids (in g/d and percent of energy), alcohol (in g/d and percent of energy), and cholesterol (in mg/d and mg/MJ) (all P 0.001). The women with a higher plant sterol density (in mg/MJ) had a lower energy intake from total fat (percent of energy), whereas the opposite relation was seen in men (all P 0.001). Intake of total fat (in g/d) was lower in women with higher plant sterol density, whereas it did not differ for men.
Cardiovascular risk factors and serum lipids by quintiles of plant sterol density are shown in Table 3 (men) and Table 4 (women). Higher plant sterol density was associated with lower serum total cholesterol in both men and women and with lower LDL cholesterol in women. After adjustment for age and BMI, the men with high plant sterol density (quintile 5) had 0.15 mmol/L (2.6%) lower total serum cholesterol (P 0.001) and 0.13 mmol/L (3.1%) lower LDL cholesterol (P ҃ 0.062) than did the men with low plant sterol density (quintile 1). The corresponding figures for the women, after adjustment for age, BMI, and menopausal status, were 0.20 mmol/L (3.5%) lower total serum cholesterol (P 0.001) and 0.13 mmol/L (3.2%) lower LDL cholesterol (P 0.001). Further adjustments for intakes of saturated fatty acids, unsaturated fatty acids, dietary fiber, and alcohol; high physical activity; smoking; and cholesterollowering medication did not essentially alter total serum cholesterol in the 5 quintiles for either sex. The same adjustments did not affect LDL cholesterol for women, but the linear trend for men changed from borderline significance to P ҃ 0.337. Chi-square test.
RELATION BETWEEN DIETARY PLANT STEROLS AND S-CHOL
TABLE 4
Cardiovascular Chi-square test.
RELATION BETWEEN DIETARY PLANT STEROLS AND S-CHOL
A multiple linear regression with plant sterol density as a continuous variable was also performed with adjustment for age; BMI; intakes of saturated fatty acids, unsaturated fatty acids, dietary fiber, and alcohol; high physical activity; smoking; cholesterol-lowering medication; and for women also menopausal status. The ␤ coefficient corresponding to an increase in plant sterol density of 20 mg/MJ was Ҁ0.06 (P ҃ 0.002) for total cholesterol in men and Ҁ0.22 (P 0.001) in women. The corresponding ␤ coefficients for LDL cholesterol were Ҁ0.06 (P ҃ 0.144) and Ҁ0.12 (P 0.001) for men and women, respectively.
DISCUSSION
The cholesterol-lowering effect of plant sterols is well established, but a similar effect of natural dietary plant sterol intake has been questioned because the average amount consumed is relatively low. In the current study of a large Swedish population, a high plant sterol density was inversely related to serum total cholesterol in both men and women and to LDL cholesterol in women, which confirms the associations seen in our recent study of a large British population (12) .
Comparing the present study with our previous British EPICNorfolk cohort study, the effect of plant sterol density and plant sterol intake on serum total and LDL cholesterol was similar among both men and women (12) . In the British study, total and LDL cholesterol decreased by 0.25 mmol/L (4.1%) and 0.14 mmol/L (3.5%), respectively, in men and by 0.15 mmol/L (2.4%) and 0.12 mmol/L (3.0%), respectively, in women after adjustment for age, BMI, energy intake, and (in women) menopausal status. Because of the different quintile classifications, ie, by plant sterol density (in mg/MJ) in the present study and by plant sterol intake (in mg/d) in the EPIC-Norfolk study, the results are not fully comparable.
Adjustment for intakes of saturated fat, unsaturated fat, and dietary fiber was complicated by the problem of collinearity. However, the issue was dealt with by combining information from the intake of these 3 nutrients into one categorical variable. Adjustment for this categorical fat-fiber variable plus smoking, high physical activity, and cholesterol-lowering medication did not essentially affect the trend of serum total and LDL cholesterol in the quintiles, but for LDL cholesterol in men the linear trend changed from being borderline significant to insignificant. Another complication is that products high in vegetable fats and dietary fiber are main sources also of plant sterols in the diet (26, 27) . Hence, the effects of these dietary components are impossible to totally separate from the effects of plant sterols in analyses of epidemiologic data. We believe that our categorical fatfiber variable handled this complication in the best way possible. In addition, a true effect of naturally occurring dietary plant sterols seen in the present study is supported because a carefully controlled study has shown that plant sterols do affect cholesterol absorption when given in relatively small doses of 150 -300 mg (11) and because cholesterol absorption decreases in relation to increasing plant sterol excretion (28) . The effect of naturally occurring plant sterols on serum cholesterol seen in the present study is higher than what could be expected from clinical trials with enriched products. It is also known that the relation between plant sterol intake and serum cholesterol is curvilinear rather than linear (9) , which supports the higher effect of natural dietary intake. Comparison can also be made with the effect of dietary intake of cholesterol on serum cholesterol, which is known to decline with increasing intake (29) . The effect of plant sterol intake on serum cholesterol could, if any, be underestimated in the present analyses because of a diluted effect resulting from measurement errors in the dietary data. Food intake amount was negatively correlated to BMI in both men and women, and the fact that persons with a higher BMI report a lower energy intake could result in that their plant sterol density becomes falsely high. At the same time their serum cholesterol is higher than in persons with a normal BMI and a more reliable energy intake.
An important consideration is that data about LDL cholesterol were only available for a quarter of all participants. These participants were not selected randomly, but because of high total cholesterol, for which a full lipid status was performed according to the study test protocol. The men with available data about LDL cholesterol were slightly older (48.5 y compared with 47.7 y; P 0.001), had a higher total cholesterol concentration (6.0 mmol/L compared with 5.5 mmol/L; P 0.001), and had a slightly higher BMI (26.8 compared with 26.1; P 0.001). The same relation was seen in women with available data about LDL cholesterol who were older (49.5 y compared with 47.6 y; P 0.001), had a higher total cholesterol (6.0 mmol/L compared with 5.4 mmol/L; P 0.001), and had a higher BMI (26.2 compared with 25.3; P 0.001). The fact that the sample is smaller and that it was not randomly selected could explain why the statistical significance was erased in men when the effect of plant sterol intake on LDL cholesterol instead of total cholesterol was studied, although women were not affected. Concentration of HDL cholesterol did decrease marginally from quintile 1 to quintile 5 in both men and women, but this was only statistically significant in the unadjusted model in men and women and for women also in the fully adjusted model. The marginal effect of plant sterols on HDL cholesterol seen in this epidemiologic study is in accordance with a clinical trial (30) .
The mean plant sterol intake in the present population was somewhat lower than that reported from other European populations (12, 26, 31, 32) , in which the plant sterol intake was reported to be between 240 and 260 mg/d for women and Ȃ300 mg/d for men. This was also evident for the plant sterol density that was reported to be Ȃ36 mg/MJ for women and 33 mg/MJ for men (27, 31) . The lower intake of plant sterols could partly be explained by the lower plant sterol density and partly by a lower reported energy intake. The mean energy intake for men in the present study was 8.8 MJ, compared with 9.6 MJ in the Finnish study by Valsta et al (31) and 9.2 MJ in the British study by Klingberg et al (27) . The women in the present study had a mean energy intake of 6.7 MJ, compared with 6.8 MJ in the study by Valsta et al (31) and 8.1 MJ in the study by Klingberg et al (27) .
Dietary assessments are frequently biased, resulting in underand overreporting of energy and nutrient intake (33) . This problem is likely to have occurred in the present dietary assessment and is one of the limitations of the study. Extreme outliers, eg, the top and bottom 0.5% of food intake amount, were excluded. Even so, the reported energy intake was low. This should not be a serious problem, because we studied the ranking of participants according to energy-adjusted intake of plant sterols. Further, because energy intake was relatively constant across the quintiles of plant sterol density, the absolute intake of plant sterols increased across the quintiles.
FFQs are generally considered a poor measure of absolute dietary intake. In the present study the method was used to rank participants according to their intake of plant sterol density, and the focus was on the dietary quality rather than the absolute intake. Another limitation of the present study is that the FFQ was not designed specifically to measure plant sterol intake. The Spearman's correlation coefficient between food intake frequencies as assessed by the FFQ and the repeated 24-h recalls was between 0.47 and 0.68 for food groups containing plant sterols, except for potato, rice, and pasta that had lower correlation coefficients (23) . Cross-classification of both food intake frequencies and intake of energy and nutrients showed a low incidence of extreme misclassification (23) . It is therefore likely that the FFQ was able to capture plant sterol intake and that the classification of participants into quintiles of plant sterol intake truly did distinguish participants with differing plant sterol intake.
In conclusion, the present study is the second to show a significant inverse relation between natural-occurring dietary plant sterols and serum concentrations of total and LDL cholesterol. It highlights the importance of considering the plant sterol content of foods both in primary prevention of CVD and in the dietary advices incorporated into nutritional treatment of patients with hyperlipidemia.
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